The regulation of electron transport in pea (Pisum sativum L.) leaf mitochondria under state 4 conditions has been investigated by simultaneously monitoring oxygen uptake, the steady-state reduction level of ubiquinone, and membrane potential. Membrane potentials were measured using a methyltriphenylphosphonium electrode while a voltametric technique was used to monitor changes in the steady-state reduction levels of quinone. It was found that the addition of glycine to mitochondria oxidising malate in state 4 led to a marked increase in the rate of 02 uptake and increased both the membrane potential and reduction level of the quinone pool. Increases in the state 4 respiratory rate were attributed to both an increase in driving flux, due to increased 0-pool reduction, and in membrane potential. Due to the nonohmic behavior of the inner membrane, under these conditions, an increase in potential would result in a considerable rise in proton conductance. Measurement of dual substrate oxidation, in the presence of n-propylgallate, revealed that the increase in respiratory activity was not mediated by the altemative oxidase. Similar increases in membrane potential and the level of 0-pool reduction were observed even in the presence of rotenone suggesting that the rotenone-insensitive pathway is a constitutive feature of plant mitochondria and may play a role in facilitating rapid state 4 rates even in the presence of a high energy charge.
Within the framework ofthe chemiosmotic hypothesis (18) , respiratory control is considered to be due to the disequilibrium between the respiratory chain and the protonmotive force. The transition to state 4 conditions increases the protonmotive force which exerts a back pressure on the respiratory chain restricting the rate of electron flow and hence overall oxygen uptake. The control of mitochondrial respiration has been most widely studied in mammalian tissues where it has been concluded that in the absence of ADP the major point of regulation resides in the proton leak pathway (2, 13) . Using the flux control summation and connectivity theorems of the metabolic control theory, however, Brand et a large flux control co-efficient, there is also a significant contribution to control exerted by the respiratory chain. Although the analysis did not indicate which steps in the chain exerted control, it was suggested that it may be distributed in some or all of succinate dehydrogenase, Q3 diffusion, the bc, complex, Cyt c diffusion, and Cyt oxidase.
The control of respiration in plant mitochondria is somewhat more complicated than in mammalian tissues since the majority of plant mitochondria possess, albeit to varying extents, a cyanide-insensitive alternative oxidase, and a rotenone-insensitive bypass of complex I (10) . Since electron flux via these pathways is not linked to proton extrusion (21) their engagement could make a considerable contribution to the overall respiratory rate under state 4 conditions. The degree to which the antimycin-insensitive alternative oxidase contributes to ADP-limited respiration has been generally assessed from the effect of inhibitors of this pathway on respiratory control indices (16) . Inhibition of the pathway results in a marked increase in control suggesting it is engaged under state 4 conditions. More recently it has been demonstrated that the degree to which this pathway is engaged is dependent, in a nonlinear fashion, upon the level of reduction of the quinone pool (12) . Significant engagement of the alternative oxidase is not apparent until Q-pool reduction levels reached 35 to 40% and was maximal under state 4 conditions (12) . The degree to which the rotenone-insensitive bypass of complex I is a constitutive feature of plant mitochondrial respiratory activity is uncertain since there are no inhibitors of this pathway. It is generally considered to be due to the presence of a dehydrogenase located on the inner surface of the inner membrane (19) which has a lower affinity for NADH than complex I (20) although any specific details regarding its nature are lacking. The possibility that rotenone binds to complex I in such a manner that it prevents proton pumping but does not effectively inhibit electron flow is an alternative explanation, but to our knowledge is yet to be explored. Nevertheless, whatever the explanation, treatments which result in an increased intramitochondrial NADH levels stimulate respiration (4) (5) (6) (7) 24) even in the presence of rotenone, suggesting its operation does contribute to state 4 respiratory rates.
In the present study we have examined the effect of dual substrate oxidation, both in the presence and absence of rotenone, on oxygen consumption, steady-state membrane potential, and the redox state of the quinone pool in an attempt to determine if the rotenone insensitive bypass is a major pathway of electron flow to the Q-pool under ADPlimited conditions. We show, for the first time, that the welldocumented respiratory increase observed upon second substrate addition under state 4 conditions is accompanied by increases in both membrane potential and the steady-state reduction levels of the Q-pool. Such Continuous monitoring of the membrane potential was achieved using a TPMP+ sensitive electrode, a modification of the TPP+ electrode described by Kamo et al. (15) . The electrode consisted of a platinum wire immersed in 5 mM TPMP+ bromide, in a 400 AuL Eppendorftube, separated from the assay medium by a polyvinyl chloride membrane impregnated with tetraphenylboron, and was coupled via a salt bridge to a reference electrode. The TPMP+ electrode response was calibrated for each incubation with additions of TPMP+ up to 2 gM and corrected for binding and response time of the electrode as previously described (30) . It should be noted that due to the presence of an endogenous K+/H+ antiporter (21), the contribution of pH component to the protonmotive force is negligible and this was further ensured by the composition of the reaction medium so that Ap = Ai\. Membrane potentials were calculated using the Nernst equation on the basis of a matrix volume of 1.4 pL/mg protein (26) .
The redox state of Q-2 was measured voltametrically using a glassy carbon working electrode and a platinum electrode connected to Ag/AgCl reference electrode. The working electrode was poised at 360 mV with respect to the reference as previously described (22) . Fully oxidized Q was taken as the base of the trace following addition of 1 ,M Q-2 and the appropriate quantity of mitochondrial protein, and fully reduced as that in the presence of a bc, inhibitor or upon anaerobiosis. It should be noted that plant mitochondria are normally deenergized upon isolation and possess negligible amounts of endogenous substrates (21) . Q-2 at 1 gM had no detectable effect upon either the state 4 respiratory rate or membrane potential (22) .
Protein and Chi Determination
Protein was determined by Lowry et al. (17), with BSA as standard. Chl was determined by the method of Arnon (1). Mitochondrial protein was corrected for the contribution by broken thylakoids by assuming a thylakoid protein/Chl ratio of 6.9:1 (23). Figure 1 shows typical trace depicting changes in oxygen consumption, membrane potential and the redox poise of the quinone pool by pea leaf mitochondria whilst oxidizing malate + glutamate as a respiratory substrate and illustrates the degree of respiratory activity observed under state 4 conditions. Substrate addition resulted in a considerable respiratory rate, the rapid generation ofa membrane potential, and partial reduction of the Q-pool. The initial ADP-induced state 3 phase caused an oxidation of the Q-pool to 14% of that observed under anaerobiosis and the expected transient depolarization of the membrane potential but only a small stimulation in respiratory rate. It can be seen from Figure 1 that, following transition to state 4, the reduction of the Qpool was more pronounced than in state 2 (41 % versus 31 %) but the oxygen uptake rate was slower (68 versus 74 nmol/ min/mg). This difference in rate has been attributed to the ATPase acting as an ion-influx channel, because state 2 conditions favor the release of the inhibitor protein IF, from its inhibitory site on F, facilitating increased H+-conductance (30) . True state 4 conditions favor rebinding of IF, to F, and, hence, prevent the ATPase from acting as a route for H+-reentry (30) . The subsequent addition of ADP stimulated the respiratory rate much more markedly than that observed under state 2 conditions which was accompanied by an oxidation of the Q-pool and decrease in membrane potential. The addition of glycine, which increases intramitochondrial (30) . Because degree of engagement of alternative oxidase activity is dependent upon the level of reduction of the quinone pool (10, 22) and this is increased considerably by second substrate addition, it is conceivable that this may be the case in the results depicted in Figure 1 . In the results summarized in Table I we have investigated the effect of n-propylgallate, an alternative oxidase inhibitor, on the glycine or malate dependent state 4 respiratory rate and membrane potential. When n-propylgallate was added during state 4, but prior to the addition of a second substrate, it partially depolarized the membrane potential resulting in stimulation of respiratory activity. This was observed with either malate or glycine as substrates.
RESULTS
Second substrate addition, however, still resulted in respiratory stimulation and an increase in membrane potential as observed in Figure 1 . In the presence of dual substrates, npropylgallate had only a minor effect upon the respiratory rate and negligible effect on membrane potential, suggesting that the observed increases in respiratory rate were not due to engagement of the alternative oxidase. It should be noted that since n-propylgallate (and, indeed, SHAM and disulfiram) respiratory rates are considerably higher than those observed in Figure 1 even though the membrane potentials are very similar, suggesting that the protonmotive force is not the principal determinant of electron flow on this segment of the respiratory chain. Presumably, the faster respiratory rate observed under these conditions is due to the increased redox poise of the quinone pool and an altered H+/2e ratio. Such elevated levels of Q-pool reduction would normally be expected to engage the alternative oxidase (12, 22) ; however, it is apparent from Figure 2 , that the degree ofcyanide resistance of these mitochondria is low (approximately 15%) (and, hence, fully engaged even with malate under state 4 conditions) and, furthermore, rates of oxygen uptake are considerably higher than those observed with dual substrates. Such a result confirms the notion that the increased respiratory rate observed upon addition of a second substrate is not due to the engagement of the alternative oxidase. It is clear from the results presented so far that the QH2 -02 segment ofthe respiratory chain has the capacity to sustain elevated respiratory rates, suggesting that it is perhaps the reduction of quinone that controls overall electron flux. This would be consistent with our previous observations that the respiratory rate is linearly dependent upon the degree of reduction of the Q-pool (22) . The experiments illustrated in Figures 1 and 2 suggest that a comparable membrane potential is generated by either NAD+-linked substrates or by succinate, under state 4 conditions, and yet they maintain differing levels of Q-pool reduction, confirming the idea that electron flux is limited by the quinone redox poise. It is also apparent that elevated state 4 rates with NAD-linked substrates are associated with increased Q-reduction levels but this could be due to either the engagement of the rotenone-insensitive dehydrogenase, located on the inner surface of the inner membrane (19) or, alternatively, to an increased flux through complex I. The experiment illustrated in Figure 3 , however, indicates that a similar rise in membrane potential is observed upon second substrate addition even in the presence of rotenone, suggesting that the stimulated respiratory rates depicted in Figure 1 are a consequence of increased electron flux, due to elevated Q-pool levels, through the bc, complex and not complex I. Figure 3 also illustrates that rotenone addition results in the net oxidation of the Q-pool and, hence, reduction in the respiratory rate. It is suggested that the level of Qpool reduction observed under these conditions reflects the contribution of the rotenone-insensitive bypass to the overall respiratory rate and, furthermore, is consistent with the promin posal that the bypass is engaged under state 4 conditions even in the absence of inhibitor. Interestingly, there is a slight rereduction of the pool, presumably due to rotenone increasing intramitochondrial NADH levels, which results in an increased rate of H+-pumping through the bc, complex as indicated by a rise in membrane potential, and close scrutiny of the oxygen uptake trace reveals a concomitant slight increase in rate. Note that the respiratory rates on these traces were calculated once the uptake rates had become linear.
In summary, the close similarity of Figures 1 and 3 suggests that electron flux mediated by the rotenone-insensitive bypass can reduce the Q-pool and, hence, is a significant contributor to the overall state 4 respiratory rate even in the absence of rotenone and that, furthermore, its engagement may underlie rapid respiratory rates even when the respiratory chain may be under adenylate control.
DISCUSSION
In this report we have investigated the regulation ofelectron transport in plant mitochondria under state 4 conditions while oxidizing dual substrates, a situation that probably exists in vivo. Pea leaf mitochondria were chosen because not only do they possess nonphosphorylating pathways but they are also capable of oxdizing glycine as a respiratory substrate, an important metabolite of the photorespiratory pathway. We have taken as our system the electron transport chain and have investigated changes in oxygen consumption, steadystate membrane potential, and reduction level of Q upon perturbation with a second NAD-linked substrate. Changes in the steady-state reduction level of Q were considered to be a very important parameter to monitor because not only does its redox level affect electron flux through the bc, complex but it plays a central role in the distribution of electron flux in a branched respiratory chain (27) . Indeed, the continuous monitoring of the redox poise of the quinone pool has previously revealed that, in the absence of alternative oxidase activity, electron transfer is linearly dependent upon the degree of reduction of the pool (22) and, in its presence nonlinear, because engagement of the alternative oxidase is not apparent until a considerable proportion of the pool has been reduced (12) . Although there have been numerous reports describing the effects of dual substrate addition under state 4 conditions (4-6, 8, 9) the majority have merely monitored oxygen consumption with some parallel measurements on NAD reduction or changes in membrane potential. While these have provided considerable information on the characteristics of stimulation of the state 4 rate (4, 6, 8) and the possibility of preferential oxidation by some substrates (5, 9, 29) , details at the level of the respiratory chain components have been lacking. It was therefore of importance to ascertain whether increased respiratory rates even under ADP-limited situations are accompanied by changes in the redox poise of the quinone pool and membrane potentials. The data presented in Figures 1 and 3 indicate quite clearly that changes in respiratory rate are a reflection of the degree of reduction of the quinone pool. Thus succinate, for instance, reduces the quinone pool substantially more than malate, under state 4 conditions, and this results in a faster respiratory rate (cf. Figs.   2 and 1) . The reason this substrate reduces the Q-pool more than malate is because succinate has a higher donor activity ( VTCd = 733; for details see ref. 27 ) than malate ( Vred = 1 5) (AL Moore, unpublished observations). In the presence of dual substrates, however, the pool becomes substantially reduced with a concomitant increase in the respiratory rate and this appears to be the case even in the presence of rotenone (Fig. 3) . A further point arising from the dual substrate experiments is that the input of electron flux from the dehyrogenases is so large that the Q-pool is still maintained relatively reduced (39%, Fig. 1 ) even when restrictions on the bc, have been reduced (i.e. depolarization of the membrane potential due to ADP addition). Again this larger reduction level, in comparison to that observed with succinate as substrate (22% under state 3 conditions), is reflected by a higher respiratory rate (180 nmol/min/mg in comparison with 141 nmol/min/mg, Fig. 1 versus Fig. 2 ) adding further confirmation to the notion that steady-state redox poise of the quinone pool regulates electron transfer under both state 3 and state 4 conditions.
There are obviously many different points which can regulate respiratory activity but, in general in isolated mitochondria, the rate of respiration is considered to be controlled by the kinetic properties of the respiratory chain mainly at the level of Cyt oxidase and by AEh and Ap (2). Other parameters which affect its activity include the H+-ATPase, the adenine nucleotide carrier, the intramitochondrial adenine nucleotide and phosphate pools, the level of matrix enzymes, and the proton permeability of the mitochondrial inner membrane (2) . Recent application of the control theory (14) has demonstrated that in state 4, respiration is both controlled by the proton leakage across the inner membrane (13) and the respiratory chain (3). As respiration is increased by increasing ADP supply then control shifts, in mammalian tissues at least, away from proton leakage to other reactions such as the adenine nucleotide and dicarboxylate carrier and Cyt oxidase (28) . Interestingly, in plant mitochondria under state 3 conditions control was found to be distributed between Cyt oxidase, the bc, complex, and the ATPase with no control at the level of the adenine nucleotide carrier (25) . Under the conditions we have chosen to examine the regulation of respiration, however, control will be limited to the proton conductance pathway, the redox level of the Q-pool, and complexes III and IV. Thus, any increase in electron flux through the respiratory chain will require either an increase in the proton conductance of the inner membrane or the engagement of nonphosphorylating pathways. We have previously demonstrated that in potato mitochondria, which lack an alternative oxidase, proton conductance is a reflection of the magnitude of the protonmotive force which itself is a function of the redox driving force (30) . Thus, any increases in respiration under state 4 conditions will necessitate increases in both ofthese parameters. The data shown in Figures  1 and 3 confirm that such a situation does occur when a second respiratory substrate is added to mitochondria under state 4 conditions. The increase in membrane potential will have a dual effect for, not only will it induce a considerable increase in membrane conductance (30) and therefore allow a faster rate of respiration, but it will also oppose some of the increase in driving force caused by the additional substrate. The dramatic rise in the level of steady-state reduction of quinone observed under these conditions, however, will tend to reduce this opposition and allow an increase in the flux through the bc, complex. Thus, we may conclude that increases in respiratory rate under state 4 conditions can be the result of an increase both in flux through the respiratory chain and in the protonmotive force which, in turn, will increase the rate of proton conductance. An increase in respiratory flux can also be achieved if nonelectrogenic pathways, such as the rotenone-insensitive bypass, are also engaged. By bypassing complex I the total number of protons pumped will be reduced and, because electron transfer is a function of 2 AEh -nAp, the overall driving force will be increased. This obviously appears to be the case because rotenone addition only causes a partial reoxidation of the quinone pool, suggesting that the bypass is operative and is a major pathway of electron flow to the Q-pool.
It is also apparent from a comparison of Figure 1 with Figure 3 that a considerable increase in quinone reduction is observed upon addition of a second NAD-linked substrate even in the presence of rotenone, suggesting that the increased electron flux primarily occurs via the rotenone-insensitive bypass. Such data demonstrate the important role of the rotenone-insensitive pathway in facilitating rapid rates of respiration even under ADP-limited conditions and suggest it is a constitutive feature of the plant mitochondrial respiratory chain.
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